Aim
Introduction
Several studies have shown that the ratio of early diastolic transmitral flow velocity to tissue Doppler mitral anular early diastolic velocity E/E ′ correlates well with the mean pulmonary capillary wedge pressure (PCWP), used as a surrogate for left ventricular (LV) filling pressure, in a wide range of cardiac patients, including subjects with normal LV function, sinus tachycardia, hypertension and LV hypertrophy, and systolic and diastolic heart failure. 1 -5 An E/E ′ ratio .15 has been shown to have a high sensitivity and specificity for predicting a PCWP .15 mmHg 3 and therefore it has been suggested that the mitral E/E ′ ratio can be used in the clinical practice for a non-invasive evaluation of LV filling pressure. 3, 6 In contrast, other authors have shown that in different populations, including healthy volunteers and patients with heart failure and advanced systolic dysfunction the mitral E/E ′ ratio does not reliably predict LV filling pressure. 7, 8 With the aim of clarifying these contradictory findings, we studied a population of clinically stable patients with no heart failure to assess the correlation between E/E ′ and both the LV end-diastolic pressure (LVEDP) and the pre-a diastolic pressure (LVDP), to evaluate the influence of LV systolic function and LV dilation on this relationship and to define the sensitivity and specificity of E/E ′ ratio in predicting normal or increased LVEDP.
Methods
One-hundred consecutive patients who were scheduled for left heart catheterization for diagnostic purposes and fulfilled the selection criteria were enrolled in the study. All patients were in sinus rhythm and in stable clinical conditions without clinical signs or symptoms of heart failure. Patients with mitral or aortic stenosis, significant mitral or aortic regurgitation, atrial fibrillation, prosthetic heart valve, or permanent pace-maker were excluded from the study. All patients gave their informed consent. The study protocol was approved by the local Ethical Committee. All patients underwent left heart catheterization using 6F fluid-filled catheters inserted from the right femoral artery. Before performing LV angiography, LV pressure was recorded in end-expiratory apnoea and the mean value of the LVEDP and the pre-a LVDP was calculated on three consecutive cycles at a paper speed of 100 mm/s. The pre-a LVDP was measured at the onset of the a-wave and the LVEDP at the nadir of 'a'-wave before the rapid onset of isovolumetric LV pressure or at the peak of R-wave on ECG recording when the nadir of 'a'-wave was not clearly distinguishable. A pre-a LVDP ≤10 mmHg and a LVEDP ≤15 mmHg were considered normal. Two-dimensional Doppler echocardiography was performed within 1 h before the scheduled catheterization. The images were recorded with the patient in the left lateral decubitus position using a commercially available ultrasound system (GE Vivid 7) equipped with a multifrequency transducer. Mitral valve inflow was recorded in the apical four-chamber view using pulsed-wave Doppler with the Doppler beam aligned parallel to the direction of flow and the sample volume positioned at the tips of the mitral leaflets. From mitral inflow recordings the peak velocity of early E-and late A-waves, the E/A ratio and deceleration time were measured. Tissue Doppler imaging (TDI) of the mitral anulus was obtained by positioning a 1 -3 mm sample volume at the septal and lateral corners of the mitral anulus in a four-chamber view. Gains were adjusted to eliminate background noise and allow for clear tissue signal; Doppler signals were recorded at a paper speed of 100 mm/s. From mitral anular TDI recording systolic (S'), early (E ′ ) and late (A ′ ) diastolic velocities were measured; septal, lateral, and average E/E ′ were calculated. All echocardiographic and Doppler measurements were averaged from three end-expiratory cycles. LV end-diastolic (EDV) and systolic volumes (ESV) were measured in a four-chamber apical view using the area -length method and the ejection fraction (EF) was calculated according to the standard formula. LV systolic dysfunction was defined as a ,50% EF. LV volumes were indexed to the body surface area calculated with the DuBois formula. A LV dilation was defined as a .75 mL/m 2 EDV. 9 Measurements of the echo parameters were blinded from LV catheterization results. To assess inter-observer and intra-observer variability, measurements were repeated in a sample of 10 randomly chosen examinations by a second independent observer and by the first observer 1 month after the first measurements. Descriptive statistics (mean + SD; counts and percentages) were used to summarize the data. A two-sample Student's t-test or an analysis of variance with Scheffè test where appropriate were used to compare the echo-Doppler variables between different subgroups of patients. The association of the echocardiographic with the haemodynamic variables was assessed by fitting linear regression models. Intrapatient correlation was taken into account and Huber White robust standard errors were computed. Model assumptions were assessed graphically; they were satisfied in all analysis. The Pearson R correlation coefficient was computed. Further, the confounding role of the EF (≥50 vs. ,50%) and of the LVEDV (≤75 vs. .75 mL/m 2 )
was evaluated by means of multivariate models. The presence of interaction was assessed to evaluate whether the strength of association was statistically different in the two subgroups of patients with normal/low EF and normal/increased LVEDV. Subgroup analysis was performed for selected associations, considered a priori of interest.
The intra-and inter-observer agreement in the measurement of the echocardiographic variables was calculated by means of Lin's concordance correlation coefficient on a sample of 20 patients. Receiver operating characteristic (ROC) curve analysis was performed to identify the optimal cut-off of the E/E ′ ratio for predicting a .15 mmHg LVEDP. All P-value were two-tailed. Stata 11 (Stata Corporation, College Station, TX, USA) and Medcalc (MedcalcSoftware, Mariakerke, Belgium) were used for computation. Table 1 shows the clinical characteristics of the study population. There were 81 men and 19 women with a mean age of 63 + 11 years. Mean LVEDP pressure was 20 + 9 mmHg (range 4 -40 mmHg); 65% of the patients had a .15 mmHg LVEDP. Of the patients studied, 43% had depressed LV function and 50% had LV dilation.
Results
The intra-and inter-observer agreement in the measurement of the echocardiographic variables was .90 and .80%, respectively, for all the variables measured. In the overall population, a statistically significant correlation was found between E/A ratio, E-wave velocity, septal and mean E/E ′ ratios, and the pre-a LVDP, whereas only the E/A ratio and E-wave velocity showed a significant correlation with the LVEDP ( Table 2) . Of the parameters considered, the E/A ratio showed the best correlation with both the pre-a LVDP and the LVEDP, whereas septal and mean E/E ′ ratios were significantly correlated with the pre-a LVDP but not with the LVEDP. Figure 1 shows the correlation of mean E/E ′ ratio with the LVEDP (R ¼ 0.12, P ¼ 0.23) and the pre-a LVDP (R ¼ 0.25, P ¼ 0.010) in the population studied. Analysis of interaction showed a significant influence of LV function on the relation between the echo-Doppler parameters and both the pre-a LVDP and the LVEDP ( Table 3) . A significant correlation was found between E-and A-wave velocity, E/A ratio and pre-a LVDP in patients with a ≤50% EF, but not in those with normal LV function. Similarly, E-and A-wave velocity, the E/A ratio, and the lateral E/E ′ ratio were significantly correlated with the LVEDP only in patients with depressed LV function. Figure 2 shows the relation between the lateral E/E ′ ratio and the LVEDP in patients with normal EF and in those with ,50% EF. The influence of LVEDV on the relation between the echo-Doppler parameters and the pre-a LVDP and the LVEDP is shown in Table 4 .
It can be seen that LVEDV significantly influenced the relation between the E/A ratio and A-wave velocity and the LVEDP. This
Figure 1 Correlation between mean E/E
′ ratio and left ventricular end-diastolic pressure (left) and pre-a left ventricular diastolic pressure (right) in the overall population. Mean E/E ′ ratio was significantly correlated with pre-a left ventricular diastolic pressure, whereas no significant correlation was found with left ventricular end-diastolic pressure. relation was statistically significant only in patients with LV dilation, whereas LVEDV was not found to have a significant influence on the relation between the E/E ′ ratio and the LVEDP.
Of the 43 patients with a ,50% left ventricular ejection fraction (LVEF), 24 (56%) had a .15 mmHg LVEDP and 30 (70%) a .75 mL/m 2 EDV. Table 5 compares the echocardiographic and haemodynamic findings in patients with normal and depressed LVEF. Septal, lateral, and mean E/E ′ ratios were significantly higher in patients with ,50% EF compared with those with ≥50% EF (Figure 3) , whereas no significant difference in the LVEDP and the pre-a LVDP was found between the two groups. Also, septal, lateral, and mean E/E ′ ratios were significantly higher in patients with a dilated LV compared with those with normal LVEDV (septal: 17.5 + 7.2 vs. 11.9 + 3.5, P ¼ 0.0001; lateral: 14.2 + 6.0 vs. 9.6 + 3.5, P ¼ 0.0001; mean: 15.8 + 6.3 vs. 10.8 + 3.1, P ¼ 0.0001; Figure 3 ). Table 6 shows the comparison of echo-Doppler variables between patients with normal and elevated pre-a LVDP and LVEDP. Among the variables, only E/A and septal E/E ′ ratios were significantly higher in patients with elevated pre-a LVDP compared with those with normal pre-a LVDP; no significant difference in the echo-Doppler parameters, particularly in E/E ′ ratio, was present between patients with normal and elevated LVEDP.
To evaluate the reliability of previously proposed cut-off values for mitral E/E ′ ratio in predicting increased LVEDP, 3 When interaction is present, the R and P-values for the 2 subgroups with .75 mL/m 2 and ≤75 mL/m 2 LVEDV are shown. LV end-diastolic volume influences only the relation between A wave velocity and E/A ratio and LVEDP LVDP, left ventricular diastolic pressure; LVEDP, left ventricular end-diastolic pressure; LVEDV, left ventricular end-diastolic volume.
respectively. No significant difference in mean LVEDP was found among the three groups for septal, lateral, and mean E/E ′ ratios, whereas a significant difference in mean pre-a LVDP was found only for the septal E/E ′ ratio. The respective sensitivities of septal, lateral, and mean E/E ′ ratios .15 for predicting a .15 mmHg LVEDP were 47, 26, and 29%, with specificities of 68, 83, and 74% ( Figure 4) . Septal, lateral, and mean E/E ′ ratios ,8 had sensitivities of 11, 41, 20% and specificities of 89, 66, 88%, respectively, for predicting a ,15 mmHg LVEDP (Figure 4) . ROC curves were created to identify the cut-off value for septal, lateral, and mean E/E ′ ratios with the best sensitivity and specificity to identify a .15 mmHg LVEDP. As shown in Figure 5 , in the overall population the best cut-off values of 13.16, 8.77, and 12.08 for septal, lateral, and mean E/E ′ , respectively, had sensitivities of 53, 68, and 54% and specificities of 66, 51, and 69%, with an area under the curve of 0.57 for all three values (P ¼ 0.27 for septal E/E ′ , P ¼ 0.23 for lateral and mean E/E ′ ). Mean E/E ′ showed a higher accuracy for identifying a .15 mmHg LVEDP in patients with ,50% EF (best cut-off value 11.67, sensitivity 79%, specificity 64%, area under the curve 0.67, P ¼ 0.05) than in those with a ≥50% EF (best cut-off value 12.08, sensitivity 44%, specificity 71%, area under the curve 0.52, P ¼ 0.79)
Discussion
Previous studies on the ability of the mitral E/E ′ ratio to predict the LVEDP have given conflicting results. Our findings are in agreement with those of other studies that used PCWP as a surrogate for the LVEDP. In a small group of healthy volunteers, it was shown that PCWP correlated significantly with mitral E-wave velocity but not with septal and lateral E/E ′ ratios. 7 Similarly, in a selected population of patients with advanced systolic heart failure no significant correlation was found between the mitral E/E ′ ratio and the PCWP, particularly in those with severe LV dilation and more depressed LV function. 8 On the other hand, other studies demonstrated a significant correlation between the mitral E/E ′ ratio and mean PCWP in different patient populations, including patients with normal LV function, 1,4,5 LV systolic and diastolic dysfunction, 1,3 -5 sinus tachycardia, 2 and heart transplant. 10 These discrepancies may be due to the different characteristics of the populations studied, in particular to the fact that in most of the above reported studies patients were clinically unstable and underwent right heart catheterization for acute complications of their disease. The different results may also be related to the fact that in the presence of impaired LV compliance, PCWP measured by Swan-Ganz catheter may significantly underestimate the LVEDP because end-diastolic atrial kick is exaggerated and atrial contraction increases substantially the LVEDP. 11 Studies that correlated the mitral E/E ′ ratio with directly measured LV filling pressures have also reported conflicting results, with excellent correlation between the E/E ′ ratio and both the pre-a LVDP and the LVEDP found in the majority of studies, 5,12 -15 whereas in others the mitral E/E ′ ratio showed a modest correlation with mean left atrial pressure and a poor accuracy for predicting mean left atrial pressure in the individual patient. In our study, we found that the mitral E/E ′ ratio correlated significantly with the pre-a LVDP, but not with the LVEDP. Other authors have also reported that the mitral E/E ′ ratio correlated better with the pre-a LVDP than with the LVEDP. 5, 13 These findings may be explained by the fact that both mitral E and E ′ waves occur in early diastole and are influenced by the same variables, including left atrial pressure, early diastolic atrio-ventricular pressure gradient, ventricular relaxation, and ventricular suction, which determine pre-a LVDP, whereas LVEDP is also strongly influenced by LV compliance, dependent in turn on the presence and degree of LV fibrosis, LV hypertrophy, and myocardial ischaemia. In our study, population LV function showed a significant influence on the relation between echo-Doppler parameters and the pre-a LVDP and the LVEDP: E-wave and A-wave velocity and the E/A ratio correlated significantly with both the pre-a LVDP and the LVEDP only in patients with the EF ≤50% and lateral E/E ′ ratio correlated with the LVEDP only in patients with depressed LV function. These findings confirm the results of previous studies 4, 14 and can be explained by the fact that in patients with normal LV function peak E-wave velocity is influenced by LV suction and has a lower correlation with LV filling pressure, while preload may have a significant effect on E ′ velocity. We also found that septal and lateral E/E ′ ratios did not differ significantly between patients with normal and increased LVEDP, whereas both were significantly higher in those with depressed LV function and LV dilation compared with patients with normal EF and LVEDV. This finding may be related to the fact that severe LV dysfunction and dilation impairs systolic and early diastolic mitral anular motion, decreases the E ′ velocity and increases the E/E ′ ratio, even in the absence of a major increase in LV filling pressure, leading to a discordance between the mitral E/E ′ ratio and the LVEDP. Other studies also reported that the presence of severe LV dysfunction and severely increased LV volumes leads to a lack of correlation between the mitral E/E ′ ratio and the PCWP. 8 As a consequence of the poor correlation between the mitral E/E ′ ratio and the LVEDP, in our population, the previously proposed cut-off value of E/E ′ .15 3, 6 for predicting a PCWP The main limitation of the study is that the echo-Doppler and haemodynamic measurements were not performed simultaneously; however, the echo-Doppler exam was carried out immediately before haemodynamics, all patients were clinically stable and the heart rate and blood pressure did not vary significantly between the two studies. Moreover, it has been shown that in clinically stable patients the differences between echo-Doppler variables measured at pre-catheterization echocardiographic study and those measured at the time of haemodynamic study are small and unlikely to influence the results of the study significantly. Another limitation is the use of fluid-filled catheters instead of high-fidelity, manometer-tipped catheters for measurements of intracardiac pressures; however, fluid-filled catheters have been used in several studies that demonstrated a significant correlation between the E/E ′ ratio and the LVEDP and therefore it is unlikely that the lack of correlation found in our study is related to their use. 12, 13 In conclusion, in a population of clinically stable patients without heart failure the mitral E/E ′ ratio is better correlated with the pre-a LVDP than with the LVEDP; moreover, increased mitral E/E ′ ratio appears to reflect depressed LV function and increased LV volume more closely than it does increased LVEDP. The poor correlation between the mitral E/E ′ ratio and the LVEDP and the suboptimal sensitivity and specificity of the cut-off values of the mitral E/E ′ ratio for predicting increased LVEDP found in our study suggest that the mitral E/E ′ ratio is of limited value for the non-invasive prediction of the LVEDP in the individual patient.
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